Polycrystalline La-doped BaTiO 3 (Ba ð1ÀxÞ La x TiO 3 ) [x ¼ 0; 0:0005; 0:001; 0:003] ceramics (denoted as BTO,BLT1,BLT2,BLT3) were synthesized by conventional solid-state reaction method and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and Raman spectroscopy. XRD and Raman spectra revealed single-phase tetragonal perovskite crystalline structure. Well-saturated polarization-electric field (P-E) hysteresis loops were observed with the measurement frequency of 50 Hz at room temperature and confirmed ferroelectric nature of these ceramics and a high recoverable electrical energy storage density of 0.350 J/cm 3 with energy efficiency ðnÞ $ 9%, which is useful in energy storage capacitor applications. Dielectric studies revealed anomalies around 415-420 K and near the Curie temperature. The latter is attributed to the ferroelectric to paraelectric phase transition. Better dielectric performances were obtained for La-doped samples sintered at 1350 C for 4 h. Grain growth is inhibited with lanthanum (La) incorporation into the BTO lattice. Room temperature semiconducting behavior with positive temperature coefficient of resistivity (PTCR) behavior at T C is attributed to electron compensation mechanism.
Introduction
Insulating perovskite barium titanate (BaTiO 3 (BTO)) is one of the most studied dielectric ferroelectric material widely used in electrical and electroceramic applications (resistivity ðÞ > 10 10 -cm) with tetragonal symmetry (P4mm) at room temperature. BTO undergoes a phase transition from ferroelectric (tetragonal) phase to cubic (paraelectric) phase at a Curie temperature $ 120-130 C. BTO has been used as multilayer ceramic capacitor (MLCC), which is an important passive component in electronic devices due to its high dielectric constant and low loss characteristics. 1 Controlled amount of donor-or acceptor-doped BTO can exhibit semiconducting behavior at room temperature. They exhibit low resistivity over a wide temperature region and a sudden abnormal resistivity raise at Curie temperature T C , such behavior is called positive temperature coefficient resistivity (PTCR) behavior and the resistivity anomaly is confined to barrier layers. [2] [3] [4] [5] Various donor or acceptor dopants have been continually explored for improved electrical properties to that of pure BTO which can be modified via partial substitution of either Ba 2þ ions (A-site doping) or Ti 4þ ions (B-site doping) in BTO lattice. A decrease in T C is observed for Isovalent Sr 2þ doping, whereas an increase in T C is reported for Pb 2þ doping at Ba 2þ site with significant transition broadening. 6 Extremely small amounts of either trivalent (La 3þ , Ce 3þ , Dy 3þ , Nd 3þ , Gd 3þ , Ho 3þ , Sm 3þ , Y 3þ , Er 3þ ) ion doping at Ba-site or tetravalent (Zr 4þ , Sn 4þ , Ce 4þ ), pentavalent (Nb 5þ , Sb 5þ , Ta 5þ ) ion doping at Ti-site in BTO is well studied to understand the insulating and/or semiconducting behavior (i.e., occurrence of resistivity minimum at room temperature for dopant concentrations around 0.3-0.5 at.% (substitution for either Ba 2þ or Ti 4þ )). 7 Semiconducting nature in La-doped BTO ceramics is attributed to oxygen nonstoichiometry i.e., loss of oxygen during heat treatment at high temperatures ($> 1350 C in air). 7 The La-doped BTO (Ba ð1À x Þ La x TiO 3 ) system has markedly lower oxygen diffusion coefficients than the undoped BTO; thus, it is apparent that trivalent rare-earth elements act to reduce the number of oxygen defects in BTO. 8 Especially rare-earth-doped BTO ceramics are known to exhibit temperature stabilized dielectric properties. [9] [10] [11] [12] Y, Dy, Ho and Er dopants sometimes referred as \magic dopants", can improve the lifetime of capacitor under certain formulations and heat treatment, however other trivalent dopants do not show this type of marked improvement. 13 Morrison et al. reported that the La-doped BTO ceramics have shown enhanced dielectric constant $ 10,000 and its transition temperature (T C ) decreased with increasing La concentration.
14 They have also explained the effect of Ladoped BTO, by maintaining charge balance on the basis of Ti vacancy creation mechanism and further compared the observed transition broadening with Zr 4þ doping at Ti site in the BTO lattice. 15 However this mechanism is not yet universally accepted. Hennings et al., 16 reported that Zr doping at Ti-site in Ba(Ti 1Ày Zr y )O 3 ceramic crystals have shown very high and broad dielectric maxima at the ferroelectric to paraelectric transition and these ceramics are useful in Z5U dielectric capacitor applications.
High dielectric constant BTO ceramics are promising for energy storage capacitor applications, and these storage capacitors play a key component role in many electrical power systems. Electrical energy storage capacitors for pulsed power applications need to accumulate a large amount of energy with fast discharge capability and high frequencies on the order of several kilohertz. 17 Low high-electric field loss pulsed power capacitors find uses in a wide variety of applications from industrial lasers used for cutting and welding, to critical biomedical devices, such as heart defibrillators and X-ray equipment. 18, 19 Pocket sized pulsed power capacitors are utilized in the development of implantable defibrillators. 19 Dielectric capacitors will have high power densities with short discharge time (> 1 s) when compared to Li-ion batteries, which will deliver very large amount of energy in a very short interval of time. The energy density of dielectric capacitors is typically much lower than high specific energy electrochemical super capacitors, which is limiting their usage in device applications. [20] [21] [22] One realistic problem with ceramic capacitors is their low breakdown strength (BDS) and that the nonlinear permittivity rapidly drops with an increase in the electric field, which is detrimental to applications. There is an increasing demand to improve the energy density of dielectric capacitors for satisfying next generation material systems.
To the best of our knowledge, no attempt has been made on ferroelectric energy storage density properties of La-doped BTO bulk ceramics. Therefore, in this work we report on the structural, dielectric, ferroelectric, energy storage and electrical transport properties of (Ba ð1ÀxÞ La x TiO 3 ) (x ¼ 0; 0:0005; 0:001; 0:003) ceramics. Interesting semiconducting behavior with PTCR effect is discussed in undoped and La-doped BTO ceramics sintered in air at high temperature (1350 C for 4 h).
Experimental Details
The undoped and La-doped BTO (Ba ð1ÀxÞ La x TiO 3 ) (x ¼ 0; 0:0005; 0:001; 0:003) ceramics (denoted as BTO, BLT1, BLT2, BLT3) were prepared by solid-state reaction technique using high-purity BaCO 3 , La 2 O 3 and TiO 2 oxides taken in a stoichiometric ratio. The mixtures were ground using ethanol as a medium and calcined at 1250 C for 10 h. Thereafter the mixed powder was pressed into pellets (diameter $ 13 mm and thickness $ 0:5 mm) and sintered at 1350 C for 4 h. The phase formation was confirmed by X-ray diffraction (XRD) measurements and was performed on a Rigaku D/Max Ultima II X-ray diffractometer using a Cu K source operated over the 2 range of 20 -60 . Raman spectra of the sintered pellets were recorded using an ISA T64000 triple monochromator in the backscattering geometry with the help of an optical microscope equipped with an 80 Â objective lens to focus the 514.5 nm radiation from a Coherent Innova99 Arþ laser onto the sample and measurements were performed at a laser incident power of 0.3 mW. The microstructural features (SEM images) were recorded using field emission scanning electron microscope (Hitachi S4100).
Prior to electrical measurements, the sintered pellets were coated with silver paint on either side and fired at 200 C for an hour for better electrode formation. The dielectric, ferroelectric measurements were performed using HP4294A impedance analyzer, Radiant Ferroelectric tester (Radiant technologies Inc., NM, USA), respectively. Figure 1 shows the room temperature XRD patterns of the BTO, BLT1, BLT2, BLT3 ceramic compositions. The major peaks can be indexed to the perovskite tetragonal phase peaks for undoped BTO. There is no evidence of nonperovskite secondary phase peaks observed in pristine BTO. BTO is a well-known classic ferroelectric material which further transforms to orthorhombic (A4 mm) and rhombohedral (R3m) structures at 5 C and À90 C, that is in tetragonal phase below Curie temperature, T C , $ 120-130 C and belongs to the space group P4mm (C 1 4v ). Above Curie temperature, BTO belongs to cubic paraelectric phase with space group Pm3m (O 1 h ). 23 Rare-earth ion (La 3þ ) doping at the Ba 2þ site in BTO lattice has also shown single-phase perovskite crystalline structure with all the peaks corresponding to tetragonal structure. Further, La 3þ doping at Ba 2þ -site in BTO is expected to shift the XRD peaks towards higher 2 values (due to smaller ionic radii La 3þ $ 1:15Å when compared to the Ba 2þ ionic radii of (1.35Å)). The diffraction peaks of the BTO, BLT1, BLT2, BLT3 were indexed to the perovskite-type tetragonal structure is in agreement with the respective Joint Committee on Powder Diffraction Standards (JCPDS) card numbers 75-2119, 81-2203, 05-0626. The sharp and well-defined diffraction peaks indicate that this ceramics material has a good degree of crystallinity in the long range. No secondary peaks in La-doped BTO indicates that La 3þ is completely diffused into Ba 2þ site in BTO crystal lattice to form a homogeneous solid solution. The splitting of (002) and (200) diffraction peaks in all the compositions confirmed the tetragonal structure of the ceramics at room temperature. However, the introduction of the small amount of lanthanide ions did not give a detectable change in the lattice parameters.
Results and Discussion
The measured density ( m ) values $ 5.48, 5.40, 5.43, 5.46 g/cm 3 and the relative density () values $ 91%, 89.70%, 90.19%, 90.69%, respectively are, measured by Archimedes method using a pycnometer and calculations are done by using Eq. (1a) and relative densities are calculated by using Eq. (1b), where m s is the weight of the sample, m w is the weight of water in the pycnometer when no sample is present m sþw is weight of the sample and water when both are in pycnometer, w is the density of distilled water and m is the measured density of the sample and th ¼ 6:02 g/cm 3 is the theoretical density of BTO and the relative density.
Raman spectroscopy is a powerful technique for the study of ferroelectric materials because of the close relationship between ferroelectricity and lattice dynamics. There are 15 degrees of freedom in ABO 3 perovskite materials above the cubic-tetragonal phase transition, which are divisible into 4F 1u þ 1F 2u . 20 In which one of the F 1u symmetry modes corresponds to the acoustic branch and the remaining 3F 1u and 1F 2u belongs to the optical branches in the cubic phase with O 1 h or Pm3m point group symmetry. 20 In paraelectric cubic phase in ABO 3 perovskites there are 12 optical modes, which transforms into the triply degenerate irreducible representations of the O 1 h point group (À cub ¼ 3F 1u þ 1F 2u ) that are Raman in-active. 20 The F 1u modes are infrared-active and the F 2u mode is called silent mode since it is neither infrared nor Raman-active. 20 However in tetragonal phase BTO allows 3A 1 þ B 1 þ 4E Raman active phonons, which arise from three zone-center infrared active phonons (F 1u ) and one silent mode (E þ B 1 ) comes from F 2u . 23 The Raman spectra for BTO, BLT1, BLT2, BLT3 ceramics are shown in Fig. 2 , from 100 to 800 cm À1 at room temperature. In brief, the room temperature Raman spectra for all the undoped and La-doped ceramics have been characterized by tetragonal phase and all prominent modes corresponding to tetragonal phase are observed, which include sharp A 1 ðTO 1 Þ $ 170 cm À1 , A 1 ðTO 2 Þ $ 265 cm À1 , B 1 /EðTO þ LOÞ $ 306 cm À1 and asymmetric broader A 1 ðTO 3 Þ $ 517 cm À1 , A 1 (LO)/EðLOÞ $ 720 cm À1 modes, respectively. In cubic phase, latter three Raman modes [A 1 (TO 2 ), A 1 ðTO 3 Þ, A 1 (LO)/E(LO)] are much broader and more symmetrical. The A 1 (LO)/E(LO) mode is extremely broad and week in cubic phase and often considered unique to the tetragonal phase.
The corresponding peak positions for all the ceramics were listed in Table 1 . All the Raman spectra show a sharp peak at around 306-310 cm À1 which is a characteristic peak for the tetragonal phase. The B 1 /E(TOþLO) mode is associated with the tetragonal-cubic phase transition. Orthorhombic phase in the present ceramics is also ruled out due to disappearance of the Raman mode at 485 cm À1 wavenumber region.
23 Figure 3 shows the SEM images of the thermally etched fractures of the pure and doped samples. There exist big voids among the grains and ensuing oxygen vacancies during the synthesis at higher temperatures. The average grain size ceramics is $ 5-10 m (Fig. 3) . SEM images have shown a clear bimodal grain size distribution with large grains distributed among small grains. Possible reason for this bimodal grain distribution in BTO ceramics might be due to less porosity in the microstructures. Careful examination of SEM images of BTO revealed few grains with core-shell type structure. There are some intermediate pores observed in all the compositions. The distribution of the grain size is nonuniform. Meanwhile, the average grain size decreased with the increase of La 3þ donor content, as x increases the grain size of the ceramics decreases firstly and then increases, suggesting that La 3þ doping for Ba 2þ has an effect on the variation in grain size. Overall grain growth with dense microstructures in these ceramics might be attributed to higher sintering temperature. The defects produced at a temperature (lower than 1300 C $ due to the substitution of Ba þ2 sites by La þ3 could be either due to barium and/or titanium vacancies. 24, 25 High temperature sintering is needed for dense microstructures, so that percentage of pore in the ceramics can be reduced. Figure 4 shows the room temperature polarization-electric field (P-E) hysteresis loops measured at varying electric fields for the pure BTO and La-doped BTO (BLT1-BLT3) samples. It has been observed that with the increase in La doping concentration the P-E hysteresis loops become more slender in nature, which suggests low dielectric loss with doping concentration. The remnant polarization (P r ), saturation polarization (P s ) and coercive field E c values for BTO and La-doped BTO samples listed in Table 2 . A slight increase in saturation polarization (P s $ 21:6 C/cm 2 ) at 65 kV/cm is observed for BLT1. Figure 4 (inset) shows the composition dependence of the remanent polarization P r and coercive filed E c for the pure BTO and La-doped BTO ceramics samples. From Fig. 4 , the observed remnant polarization P r increases greatly from $ 2 C/cm 2 to $ 5.9 C/ cm 2 with x increasing from 0 to 0.003, while the observed coercive field E c slightly increased to $ 4.95 kV/cm. It can be seen from ferroelectric hysteresis loops that as measuring electric field increases, the P-E loops of the ceramics become gradually well saturated.
The discharge and charge energy storage densities of the ternary capacitors are calculated from the P-E hysteresis loops. The energy density is the integral area of the P-E loop (lower branch of P-E loop is charge curve and the upper branch of P-E loop is discharged curve) and y-axis is given by Eq. (2).
The energy storage density is calculated by using the following formula:
where E D is the energy stored density, E is the applied electric field sustained by the material, P is the resulting polarization of the dielectric. Based upon an analysis of Eq. (2), it can be seen that an ideal material for energy storage applications would possess a high dielectric constant, low loss tangent, and high BDS under high applied electric fields. The recoverable electrical energy storage density (discharge curve energy density) is the released energy during the discharge process from maximum electric field to zero electric field. And the stored electrical energy is the area enclosed in the hysteresis loop. Calculated energy densities for respective discharge curve and charge curve as a function of electric field is shown in Fig. 4 (inset). Store energy density (charge curve: 0.75, 0.87, 0.99, 0.84 J/cm 3 ) and recoverable energy density (discharge curve: 0.29, 0.34, 0.35, 0.28 J/cm 3 ) are linearly increased as the electric field increased. And the calculated energy efficiency of these ceramics are ð ¼ J d =J c Þ $ 38%, 39%, 35%, 33% respectively, where J d is discharge curve energy density and J c is charge curve energy density. However, overall there is no much drastic improvement in energy storage densities for donor-doped ceramics. When compared to polymer nanocomposites, 26, 27 and glass-ceramic composites, 28 conventional ceramics have high dielectric constant, however their low dielectric breakdown fields restricting their proper usage. Many research groups are trying to improve dielectric BDS of BTO-based ceramics. Several factors such as porosity, grain size, defects, temperature and existence of secondary phase, etc., are detrimental to conventional ceramics for energy storage.
To further ascertain the phase transition evolution, the dielectric response of the ceramics is analyzed in terms of dielectric constant (") and dielectric loss or tangent loss (tan ) as functions of temperature (300 to 500 K) and frequency. Figure 5 shows the variation of " and loss of tan as a function of frequency (100 Hz-1 MHz) for ceramics at different temperatures. BTO undergoes a phase transition ferroelectric (tetragonal) to paraelectric (cubic) at T C . Pure BTO and La-doped BTO ceramics have shown ferroelectric to paraelectric transition temperature at around ðT C Þ $ 415-420 K. It is observed that the dielectric constant decreases monotonically with increase in frequency at all temperatures for all compositions and is the signature of polar dielectric materials. It is also found that the value of the dielectric constant is significantly increased by La 3þ doping at the Basite, when compared to undoped BTO. 29 Also, pure phase present in all compositions might be the reason for high dielectric constant. The room temperature " and tan for BTO, BLT1, BLT2, BLT3 were 3161, 9766, 10,055, 13,606 and 0.044, 0.026, 0.029, 0.01723, respectively, at 100 Hz. It can be found that the higher sintering temperature is a crucial effect on the high dielectric properties of these La-doped BTO samples. Improved dielectric constant values were achieved with La-doped BTO. This implies that La concentration has a significant influence on the dielectric properties. The values of dielectric constant gradually increased when the temperature increased from 300 K to till T C . A drop in " at higher temperatures above T C may be noted from Fig. 5 (except at 100 Hz frequency, there is no obvious reason for this increase). This observed drop in dielectric constant above T C is due to the disappearance of spontaneous polarization as the perovskite crystalline structure transforms to a paraelectric cubic phase. It was found that the T C value linearly shifted to a higher temperature with the increase in La content. The observed room temperature " values for pure BTO Table 2 . Composition-dependent polarization properties (remnant polarization-P r , saturation polarization-P s , coercive field-E c ) and energy density and energy efficiency of (Ba ð1ÀxÞ La 5, 1550027 (2015) and La-doped BTO is quite high as compared to the values (" $ 2000) reported for bulk ceramics, 30,31 which may be due to less porosity, and better phase purity of present ceramics. All compositions exhibited frequency dependence with little variation in dielectric constant values at all measured temperature range (300-500 K). Low dielectric loss tangents between 0.04 and 0.45 were observed in BTO and La-doped BTO ceramics. As the temperature increased, raise in dielectric losses were observed. At higher frequencies, it can be noted that the dielectric losses are independent of frequency. Overall low dielectric loss values might be the reason for higher spontaneous polarization values at high electric fields. Hence slim P-E ferroelectric hysteresis loops might be due to low dielectric losses in these capacitor materials.
Interesting high dielectric constant values at the paraelectric to ferroelectric transition were attributed to larger ionic radius Ba 2þ (1.36Å) and smaller Ti 4þ (0.74Å) ions in BTO lattice. The larger Ba 2þ cations in the BTO lattice effectively make the TiO 6 octahedral site for the Ti 4þ cations slightly too large giving a Ti-O bond distance of > 2Å, which is quite uncomfortable for the Ti 4þ cation in the lattice. 32 The temperature dependence of resistance of samples with different donor content is shown in Fig. 6 . Low room temperature resistivity values are recorded for BTO and Ladoped BTO ceramics. In general, undoped BTO powder compacts when sintered in air normally yields insulating behavior and does not produce semiconducting behavior in most cases. Contrary to the common knowledge about pure BTO: an insulating and ferroelectric at room temperature, the semiconducting behavior with PTCR effect is observed in present undoped BTO, La-doped BTO ceramics which were produced in air at high sintering temperature (1350 C). Similar results (semiconducting behavior with PTCR effect) are reported in some of the earlier reports on the undoped BTO ceramics sintered at 1350 C in air. 33, 34 This conversion of insulating BTO to semiconducting nature with PTCR effect is attributed to the formation of core-shell type duplex microstructures in the materials with a large-grained semiconducting phase inside and a small-grained insulating phase outside covered with a nearly full dense layer is responsible to this phenomenon. 33, 34 PTCR materials have found applications in the electrical and electronics industries, e.g., in thermistors to limit overcurrent, temperature sensor, selfcontrolled heater and device for overcurrent protection, etc.
Overall RT resistivity decreased with the donor content in BTO, reached the minimum at a donor content of x $ 0:003 which confirms semiconducting behavior of the ceramics. However an increase in resistivity ð BLT2 Þ $ 3484 Á cm for donor content at x $ 0:001 is observed. As shown in Fig. 6 , both pure BTO ( BTO $ 15; 067 Á cm) and La-doped BTO ( BLT1 $ 2899 Á cm, BLT2 $ 3484 Á cm, BLT3 $ 2185 Á cm) ceramics have shown low RT resistivity values. The sample with the higher La 3þ (x $ 0:003) concentration exhibited a lower room temperature resistivity. The increase in resistivity ( max = min ) for pure BTO and La-doped BTO (Ba 1Àx La x TiO 3 ) ceramics were 8.603, 13.021, 14.437 and 15.547 Á cm, respectively. The decrease in resistivity for the La 3þ -doped BTO (x $ 0:003) is approximately two times lesser than that of pure BTO. The undoped BTO and Ladoped BTO samples exhibited both semiconducting and PTCR behavior. As the temperature increased, resistivity gradually increased with broad resistivity temperature phenomenon. At T C , an abrupt increase in resistivity is observed for all the compositions, which confirms PTCR behavior. Grain growth is inhibited as the La 3þ concentration increased. At relatively lower donor concentrations (0.3-0.5 at.%), BTO becomes semiconducting and at higher donor concentrations, the materials once again becomes insulator. Semiconducting behavior at room temperature and PTCR behavior at around T C in all the samples is attributed to electron compensation mechanism and is given by the following Eq. (3) (where M ¼ La) 35 :
Samples with low resistivity at RT are most suitable for thermistors for overcurrent limiting, and samples with higher resistivity at RT might be useful for the production of heaters.
Conclusions
The phase pure polycrystalline structure was observed for Ladoped BTO ceramics with different stoichiometry (x ¼ 0, 0.0005, 0.001, 0.003). Both undoped and La-doped BTO powders were prepared via a solid-state reaction method and sintered at 1350 C for 4 h in air. Both XRD and Raman spectroscopic measurements confirmed tetragonal phase at room temperature. Enhanced dielectric constant values were observed for La-doped BTO. The dielectric studies revealed anomalies around 415-420 K (T C ). The Curie temperature (T C ) was increased with an increase in lanthanum content. Ferroelectric nature of ceramics was confirmed with P-E hysteresis measurements. The maximum recoverable energy density of La-doped BTO ceramics was calculated as $ 0.350 J/cm 3 at a maximum polarization field $ 90 kV/cm. In conclusion, both undoped BTO and La-doped ceramics with distinct PTCR effects were produced by sintering in air in the specific temperature region around 1350 C in this study. Doping BTO with rare-earth La 3þ ion led to the appearance of semiconducting properties at RT and electrical resistivity changes near T C , so-called PTCR effect. Optimizing intrinsic and extrinsic parameters will further improve the dielectric breakdown values and enhance the energy densities in making commercially viable capacitors for wide range of energy storage applications.
